coli and show that extracts from this strain lack the nicking activity. Conversely, a highly purified archaeal RNase HII type 2 protein has a pronounced activity. To study substrate specificity, extracts were made from a yeast double mutant lacking the other main RNase H enzymes (RNase H1 and RNase H(70)), while maintaining RNase H(35). It was found that a single ribose is preferred as substrate over a stretch of riboses, further strengthening a proposed role of this enzyme in repair of misincorporated ribonucleotides rather than (or in addition to) processing RNA/DNA hybrid molecules.
Introduction
There is presently a nearly total lack of information about repair of deoxyribose modifications in DNA. Such modifications can be caused by external agents such as oxidizing agents and ionizing radiation (1) (2) (3) , and can also occur naturally by misincorporation of ribonucleotides into DNA during DNA replication (4) . The presence of ribose in DNA is a hindrance to formation of normal B-form DNA as evidenced by the structure of RNA/DNA hybrid molecules (5) and consequently a single ribose in DNA will result in a local DNA backbone distortion (6) . Other bulky modified sugars are also likely to cause backbone distortions and it can be hypothesized that they pose a hindrance for DNA polymerases and that they can be mutagenic.
Progressive DNA and RNA polymerases are similar in structure and belong to the same class of proteins (4), probably with a common evolutionary origin (7) . The specificity towards deoxyribonucleotides (dNTPs) or ribonucleotides (rNTPs) has been found to be determined by subtle differences at the active site (4). Gao et al. (8) could largely eliminate the discrimination between the rNTPs and dNTPs by introducing a single amino acid change in a reverse transcriptase, and similar observations in mutant polymerases have recently been made by several investigators (7, (9) (10) (11) (12) (13) . Based on such observations, it has been suggested that the discrimination against ribonucleotides by DNA polymerases is largely accomplished by a "steric gate" that will not give enough space for the 2' hydroxyl group present in rNTPs (4) . However, the discrimination against rNTPs is not 100%, and detectable incorporation of rNTPs has been found in vitro using purified DNA polymerases with a wide variety of discrimination factors ranging from a few thousandfold (7, 11) to several millionfold (13) . However, it is presently not known to what extent ribonucleotides are misincorporated into DNA during normal in vivo DNA replication. The intranuclear milieu contains both ribonucleotides and deoxyribonucleotides with the ribonucleotide concentration generally higher than the deoxyribonucleotide concentration (14) . The deoxyribonucleotides are produced from the ribonucleotide pool by the enzyme ribonucleotide diphosphate reductase. This enzyme can be inhibited in eukaryotic cells by hydroxyurea (HU), which blocks DNA replication when given to cell cultures in sufficient concentration.
misincorporation during viral DNA replication in vivo. Although some minus strand DNA was synthesized with significant ribose incorporation in virally infected cells, the synthesis was not completed and the mutation was lethal. A possible explanation is that ribose in the template DNA strand acts as a replication block. Here we demonstrate in cell-free extracts an activity that excises a single ribonucleotide from DNA and identify the enzymes involved.
Materials and Methods
Probes with misincorporated ribose. Two partly complementary 100-mer oligonucleotides ( Figure 1 followed by addition of 100 µM dCTP and continued incubation for 20 min. Nonincorporated 32 P was then completely removed by three consecutive Sephadex G50 spin columns. The discrimination factor against rCTP compared to dCTP under these conditions was about 300-fold. Incorporation of 32 P-labeled rGTP, rATP or rUTP was performed with the same strategy as for rCTP.
A 16-mer primer annealed to a 32-mer template ( Figure 1 , probe 2) was extended in the reaction mixture specified above modified with the addition of 50 mM NaCl and excluding dCTP. Incubation was for 30 min at 37°C followed by two consecutive Sephadex G25 spin columns. E. coli cells were grown in 100 ml Luria Broth until late log phase, washed twice in 10 mM Tris-HCl pH 7.5, 100 mM NaCl, 1 mM EDTA and the pellets frozen to -70°C.
Thawed pellets were suspended in 1 ml 20 mM Tris-HCl pH 7.5, 100 mM NaCl, 2 mM EDTA, 10 mM DTT, 0.5% NP-40, 10% glycerol, 5 mg/ml lysozyme and protease inhibitors and incubated on ice for 15 min. The cells were then disrupted by sonication on ice for 1 min, spun at 14K for 10 min and the supernatants collected and stored at -70°C.
In vitro assay. In a standard 10 µl reaction, 1-10 fmole 32 P-labeled probe was mixed with 1 µl of variously diluted cell-free extracts in a buffer containing 10 mM Tris-HCl pH 7.5, 35 mM KCl, 1 mM DTT, 1mM EDTA, 4 mM MgCl 2 , 5 % glycerol. The mixture was incubated for 15 min at 37°C and the reaction terminated by the addition of an equal volume of loading buffer (80% formamide, 10 mM EDTA pH 8, 1mg/ml xylene cyanol FF, 1 mg/ml bromophenol blue). Separation of the products was achieved on denaturing polyacrylamide gels using standard techniques, followed by exposure on phosphor screens and evaluation on a Phosphor Imager (Molecular Dynamics).
Results
Probes. We constructed a set of oligonucleotide probes that contain a single ribonucleotide (or in one case a stretch of ribonucleotides) (Figure 1 and RNase H(70) belong to type 1.
In previous studies related to removal of Okazaki primers (22, 23) , the human enzyme FEN-1 was found to be able to remove a single ribonucleotide at the 5' end of DNA. This makes FEN-1 a candidate enzyme for the second cut that we observe in substrates with a single ribose. For this reason we also studied yeast rad27 deletion mutant cells, since yeast Rad27p is the homologue of human FEN-1 (24). As seen in Figure 6A , the second cut was indeed severely compromised in these knockout cells, suggesting that FEN-1 is the major enzyme involved in removal of the ribonucleotide after the initial nick has been made by the RNase H(35). Since the activities of the two enzymes depend on salt concentration, the activity was also measured in a wide range of salt concentrations in the assay. As seen in Figure 6B , the initial nicking activity is similar in wild type and rad27 knockout strains, while the release of free CMP is virtually absent in extracts of the rad27 mutant. The results support a novel DNA repair pathway acting on misincorporated ribonucleotides in DNA that consists of an initial nick by an RNase H type 2 enzyme followed by removal of the ribonucleotide by FEN-1 (Rad27p), as depicted in Figure 4 . Substrate specificity. Using probe 1 we tested nicking activity in probes containing misincorporated rC, rG, or rA and found that crude extracts from HeLa cells, yeast, and E. coli could nick the probes, with slight preference for rG and rA over rC. Interestingly, misincorporated rU was also found to be a good substrate in human and yeast extracts, This suggests that the ribose repair activity described here, rather than uracil DNA glycosylase and AP endonuclease, predominantly acts at such sites.
Using probes 3 and 4, we also compared the efficiencies of nicking by RNase H (35) at a single ribose with nicking of a RNA/DNA hybrid molecule as has been mainly studied previously (6, 22, 23) . Using extracts from a rnh1∆ rnh70∆ double knockout strain, lacking the other two main RNase H enzymes present in yeast cells, we find that the single ribose is cut 3-fold more efficiently than all cuts together within the stretch of 18 ribonucleotides present in probe 4 ( Figure 7) . This further supports the notion that a main function for this enzyme is in repair of single misincorporated ribonucleotides. We also crossed the rnh1∆ rnh70∆ double mutant strain with a rnh35∆ strain, and observed viability and normal colony size in all 84 spore clones isolated from 21 meiotic tetrads from the triple heterozygote. This demonstrates viability for each of the double mutant genotypes and the triple mutant involving these three genes. We were readily able to identify a triple mutant spore-clone, and observed normal colony formation on plates in this strain. Hence, viability of the three single mutant rnh strains in yeast cannot be attributed to compensatory functions of either of the others in any essential process.
Nicking by bacterial and archaeal Rnase HII. Based on sequence homology (23), the E. coli rnhB gene product RNase HII corresponds to the yeast RNase H(35) and human RNase H1, all type 2 enzymes. We therefore constructed an E. coli rnhB gene knockout strain using the RED recombination system of Yu et al. (16) . As we expected, extracts made from rnhB knockout strains lack the nicking activity at a single ribose present in wild type cells as well as in rnhA-cells lacking the RNase HI activity in E. coli (Figure 8) . The E. coli RNase HII enzyme is very weak in degrading RNA/DNA hybrid molecules, with less than 1% of the activity of the well-known E. coli RNase HI enzyme (25) . However, the nicking activity at a single ribose is very robust, pointing to a strong preference for a single ribose or deoxyribose/ribose link for this enzyme.
To further test the substrate specificity of this type of highly conserved RNase H type 2 enzymes, we used a cloned and purified RNase HII enzyme from the archaea Pyrococcus furiosus (a generous gift from Dr. John Tainer at Scripps). This enzyme is very similar to the Archaeoglobus fulgidus RNase HII, studied by Chapados et al. (22) .
On SDS-PAGE we found the purity of the enzyme to be about 90%. We tested the activity of this preparation on our ribose-containing substrates, and found a robust nicking activity down to a 10 -5 dilution (original concentration 50 mg/ml) ( Figure 9 ).
Discussion
A repair pathway for removal of misincorporated ribose in DNA.
Our results show biochemical evidence for a DNA repair pathway in bacteria, yeast and human cells for removal of ribose residues in DNA. Such residues may be misincorporated during normal DNA replication, and it may be essential for cells to remove such residues. Based on the in vitro results, the pathway looks intriguingly
simple. An endonuclease (RNase H, type 2) cuts 5' to the lesion followed by FEN-1 (or homologous enzyme) cutting 3' to the lesion leaving a one-nucleotide gap. The gap has the proper end-groups to be a direct substrate for a DNA polymerase and DNA ligase without any further modifications. In human cells DNA polymerase β and DNA ligase III in association with XRCC1 can complete repair at such sites (24) . We believe the suggested simplicity of this repair pathway may hold true in prokaryotic systems. peviously (6, 28, 29) . In particular the early work by Eder et al. (28) shows that purified human RNase H1 (a type 2 enzyme) is able to incise at the site of a single ribose, as opposed to E. coli RNase H1 (a type 1 enzyme) that requires a stretch of at least 4 ribose nucleotides for activity. This ability, which is studied in more detail in the present paper, extracts from wild type strain (WT), two independent rnhB knockout strains and a rnhAstrain. Laddering is due to non-specific nucleases in the extracts. Note the lack of specific nicking for the rnhB knockouts. 26
